Background: There is limited evidence on the directionality of the associations of sitting time with physical function. This study examined the longitudinal associations of sitting time with changes in physical function, and physical function with changes in sitting time. 
Globally, older adults are the fastest growing age group worldwide with the proportion of adults aged 65 years or more expected to increase to 22%, or 2 billion people, by 2050 (1) . In Australia alone, population projections indicate that there will be over 11 million older adults by 2061, which represents one-fifth of the total projected population (2) . Unfortunately, little evidence is available to indicate that greater longevity is associated with maintained health during the later years of life (1) . The maintenance of physical function is an important aspect of health (3) . Deteriorating physical function is pervasive in the aging process (4) , and is associated with numerous detrimental health outcomes (1) and increased health-care burden (5) .
While moderate-to vigorous-intensity physical activity (MVPA) is an established means of maintaining function (6) , emerging research indicates a relationship between sedentary time and function in adults. Sedentary time refers to any waking activities in a seated or reclined posture with low energy expenditure (7) and is commonly referred to as sitting time. Two recent systematic reviews report that older adults sit for approximately 9 hours per day (8, 9) which represents 65%-80% of their waking hours (9) and makes them the population group with the highest levels of sitting time (8) . Therefore, evaluating if and how sitting and function are associated is particularly important in this population especially given the postulated role that reducing sitting time may have in getting older adults more active (10) .
A number of cross-sectional studies have reported that higher levels of sitting are associated with poorer physical function (11) (12) (13) (14) (15) (16) . This finding is consistent across measurement tools of sedentary behavior (ie, self-reported (12) vs device measured (11) ) and physical function (self-reported (15) vs performance based (11) ), across multiple domains of functioning (ie, upper (12) and lower body function (16) ). Some studies also suggest that this association is independent of levels of MVPA (11, 14) . One notable analysis including more than 60,000 participants from the Women's Health Initiative Observational Study found that those in the lowest quartile of self-reported sedentary time reported better physical function (SF-36 physical function subscale) compared to participants in all higher quartiles of sedentary time (13) . While these studies indicate an inverse association between sedentary behavior and physical function, others have observed no (17) (18) (19) (20) and one study even opposite (21) findings. These inconsistencies within the literature require further investigation.
A major limitation of the current evidence base is the lack of longitudinal data. To the best of our knowledge, there have been only five longitudinal studies examining sedentary behavior and physical function (13) (14) (15) 22, 23) . These studies found that higher levels of sedentary time are associated with both poorer self-reported (13, 15, 22) and performance based function (gait speed and five times sit to stand test (14) , and knee extension strength (23).) However, no studies have examined the concurrent bidirectional associations between sedentary behavior and physical function (ie, does sedentary behavior predict physical function and/or vice versa?). This is important to investigate as evidence suggesting a bidirectional association may influence future intervention strategies. People with lower physical function have reduced capacity to move around and this may result in more time spent sitting. Given that we know that sedentary behavior is predictive of poorer health outcomes in older adults, if poor function results in more sitting time this increases the likelihood of further deteriorations in health. In addition, given the differences in sedentary behavior by sex (9, 24) , BMI categories (24) , and levels of physical activity (25) , subgroup analyses, investigating these moderating factors is imperative.
To address these evidence gaps, the primary aim of this study was to investigate the longitudinal bidirectional associations of sedentary behavior with physical function in older adults. Given that employment status is associated with sedentary time in older adults (24) and that retirement is associated with changes in sedentary time (26) (27) (28) , we conducted the study in retirees. A further aim of this study was to investigate whether these associations differed by personal characteristics (eg, sex, body mass index [BMI] category, age group) and health-related factors (physical activity category and functional limitations).
Methods

Sampling and Procedures
Participants were drawn from the Social, Economic, and Environmental Factor study (SEEF) (n = 60,404), a followup of a subsample of the Sax Institute's 45 and Up Study, which Our analyses were restricted to those who were retired at both baseline and follow-up, so that the change in sitting time refers to non-occupational settings only, and is not influenced by change in working situation. To minimize residual confounding from major chronic diseases and disability, and as a common practice by previous studies on sedentary behavior (30, 31) , we further eliminated those with prior diagnosis of cardiovascular disease or cancer (except for nonmelanoma skin cancer), and those who reported needing help on daily tasks due to disability or long-term illness. The final sample size included 10,027 participants with complete data (Figure 1 ).
Measures
Participants completed a self-administered questionnaire at both baseline and follow-up (https://www.saxinstitute.org.au/ our-work/45-up-study/questionnaires/). Total daily sitting time was assessed using a single question "About how many hours in Had cardiovascular disease n=6,485
Needed help for daily tasks due to disability / long-term illness n=438
No data on disability / long-term illness n=647
No sitting data at both surveys n=1,486
No physical function data at both surveys n=1,218
Missing covariates n=10
Had previous cancer diagnosis n=3,418 each 24-hour day do you usually spend sitting?" and expressed as hours/day. This is similar to the validated sitting question from the International Physical Activity Questionnaire (32) . Physical function was measured with the 10-item Medical Outcomes Study Physical Functioning Scale (MOS-PF), which assesses functional capacity for daily activities. The MOS-PF uses a scale from 0 to 100 (lower values represent lower physical function) and has good reliability and validity (33) (34) (35) . Following previous established cutoff points from the 45 and Up study, we categorized the MOS-PF score as follows: no physical limitation (100); minor limitation (90-99); moderate limitation (60-89); and severe limitation (0-59) (36) . Change in sitting time or physical function was calculated as follow-up amount (sitting time) or score (MOS-PF)-baseline amount or score.
Covariates included age, sex, marital status (partnered; single), educational attainment (school certificate or lower; high school/ trade/diploma; university or higher), location of residence (major cities; regional/remote), living situation (community dwelling; senior housing; other), and current smoking status (yes; no). MVPA was measured using the Active Australia Survey which has acceptable reliability and validity (37, 38) . BMI categories, derived from selfreported height and weight, include underweight (<18.5 kg/m 
Statistical Analysis
To assess potential bidirectional associations between sitting time and physical function, we conducted two analyses in STATA 13.0 (College Station, TX). In Analysis 1, we examined whether sitting time at baseline is associated with functional decline during the follow-up by regressing baseline sitting time (hours/day) on change in the MOS-PF score (as a continuous variable). In Analysis 2, we examined whether functional limitations at baseline are associated with change in sitting time during the follow-up by regressing baseline physical function categories on change in sitting time (hours/day). Both analyses used general linear regression with covariates entered to the models sequentially: Model 1 adjusted for the baseline value of the outcome and follow-up time, Model 2 additionally adjusted for age, sex, marital status, educational attainment, location of residence, living situation, and smoking, Model 3 further included BMI categories, and Model 4 added MVPA categories as an additional covariate. Unstandardized regression coefficients were reported for the overall sample, and by sex, age categories, BMI categories, levels of MVPA, and physical function at baseline (for Analysis 1 only). 
Results
Descriptive statistics of participants are presented in Table 1 . On average, the participants were almost 70 years old, 54% were female, and 20% had a university degree. The mean daily sitting time at baseline was 5.1 hours and the average physical function score was 84.5. The proportions of people in each category of functional limitation and the means (SD) of daily sitting time were: no limitation, 27.1% (4.6 hours/day, SD = 2.5); minor limitations, 32.2% (5.0 hours/day, SD = 2.5), moderate limitations, 29.4% (5.1 hours/ day, SD = 2.6); and severe 11.3% (5.6 hours/day, SD = 3.1). During the follow-up, participants reduced their sitting time by an average of 0.37 hours/day (SD 2.8) and their physical function declined by 4.3 points (SD = 16.3).
Association Between Baseline Sitting Time and Change in Physical Function
In the overall model for all participants, the effect size for changes in physical function by baseline sitting time became incrementally smaller as more covariates were added to the models, that is, from Model 1 to Model 4 and were nonsignificant for Models 3 and 4. The patterns of association were similar for most subgroups, except for sex and physical function. The effect size was much larger for women and there was almost no effect among men (p for interaction = .049). In addition, there was significant effect modification by baseline physical function. Those with the most severe limitations had the largest effect sizes, while there was almost no effect for those with minor or moderate limitations at baseline. The effects were larger among those that were not sufficiently physically active at baseline, but the p for interaction by activity categories was nonsignificant. Adjusting for physical activity category attenuated the effect size in women and those with severe functional limitations, but the association remained statistically significant in the fully adjusted models. For each additional hour of sitting at baseline, there was a 0.20 (95% CI 0.04-0.37) and 0.65 (95% CI 0.20-1.12) unit decrease in physical function for women and people with severe limitations at baseline, respectively ( Table 2 ).
Association Between Baseline Physical Function and Change in Daily Sitting Time
There were significant and consistent associations between baseline functional limitations and change in sitting over time. In the entire sample, for each additional unit in baseline physical function, sitting time decreased by 0.009 (95% CI 0.007-0.011) hours/day. The largest effect was seen in underweight people, where each additional . f Moderate-to-vigorous physical activity (MVPA) was measured using the Active Australia questionnaire (37) .
g Physical function was measured using the 10-item Medical Outcomes Study Physical Functioning Scale (MOS-PF) (35), a scale from 0 to 100 (with higher values representing better function). When scores were categorized, the following cut-off points were used: no limitation (100); minor limitation (90-99), moderate limitation (60-89), severe limitation (0-59) (36) .
h The variable of BMI category was omitted from the model and therefore Model 3 was identical to Model 2. unit in physical function at baseline was associated with a decrease of 0.032 (95% CI 0.012-0.051) hours/day in sitting time, or for every 10 additional units, there was a 2.24 hours/week reduction in sitting time (Table 3) . Similar to the associations of baseline sitting time with physical function at follow-up, effect sizes became smaller as models were adjusted for additional covariates of BMI and physical activity categories (Models 3 and 4). In contrast, the associations of baseline physical function with follow-up sitting time were not attenuated to the null and they remained statistically significant (Table 3 ). This pattern was consistent among all subgroups (p for interaction was nonsignificant for all comparisons).
Discussion
This is the first study to assess bidirectional relationships of sitting time with physical function. Sitting time predicted declines in physical function in women, but not in men and only in those with severe functional limitations at baseline and not in those with no, minor, or moderate limitations. There was no effect across categories of age, BMI, or MVPA. In contrast, baseline physical function predicted change in sitting time over the follow-up period in all participants and across all subgroups. Our finding that the association between baseline sedentary time and decline in physical function at follow-up only applied to women and those with the most severe functional limitations at baseline is in contrast to previous studies that have examined this relationship (13) (14) (15) 22, 23) . All of these studies showed that high levels of sedentary time predicted poorer physical function in at least one measure of function at follow-up (13-15,22,23) . Our average follow-up time of 3.4 years is less than some previous studies which had a follow-up time of 6 (15,22), 9 (30), or 12 years (13,23). As we excluded people who needed assistance in daily tasks, it is possible that our follow-up period was not long enough to observe an impact of sitting on physical function in more subgroups of our relatively healthy population. It is also plausible that objective performance tests are more sensitive to smaller functional declines than self-reported variables as the latter require the participant to have noticed and acknowledged a limitation. In one study with a shorter follow-up period of 2 years (14), the participants all had knee osteoarthritis or risk factors for that condition. It is possible that these participants had physical function limitations. Similarly, in our study, we observed that sitting time was associated with declines in function at follow-up in people with severe limitations in function at baseline.
To our knowledge, this is the first study to examine the impact of physical function on sitting time at follow-up. The finding that middle-aged and older people with poorer physical function increase their sitting over time is not surprising. Coupled with the finding that sitting time is associated with physical function declines in people with severe limitations indicates a vicious circle where poorer physical function leads to increased sitting time, which leads to further functional declines. Given that high levels of sitting time are predictive of premature mortality (40, 41) , and in older adults associated with cardiometabolic disease, for example, the metabolic syndrome (42), measures should be taken to address factors such as poor physical function that increase sitting time. Intervention trials should test whether improving physical function has any impact on sitting time. Moderate-to-vigorous physical activity (MVPA) was measured using the Active Australia questionnaire (37 Strengths of this study include that data was from a large population-based cohort. Second, we limited the participants to those who were retired to remove the influence of change in occupational sitting. Therefore, these findings may not be relevant to those who undergo transitions in employment to part-or full-time retirement. Third, we adjusted for a number of confounders likely to influence both sitting time and physical function. Finally, we tested for a range of effect modifiers to help elucidate our findings. The main limitation of the present study pertains to the measurement of sitting, which was by self-report only, similar to most large cohort studies. Further, sitting time was obtained from a single item, which did not allow further examination of the impact of sitting time accrued in different domains. Other limitations include a relatively short follow-up period and selection bias, as the 45 and Up participants tend to be healthier than the general population (43) . However, a previous study comparing the 45 and Up sample with a representative sample from New South Wales found that despite different prevalence of risk factors, the associations between risk factors and outcomes were very similar (44) . Future studies should include multidomain and objective measures of sitting and objective measures of function.
Conclusion
Our findings indicate that retired middle-aged and older adults with poor physical function increased their sitting time across all population subgroups. Women with high sitting time decreased their physical function. For people with severe functional limitations, there was evidence of a bidirectional association of sitting time with physical function. For these people, programs are needed to ameliorate the cycle of poor physical function resulting in high sitting time and leading to further functional decline which may reduce an individual's capacity to live independently and increase their risk of developing further health problems. 
